The axons of dentate gyrus granule cells form synapses in the hilus. Ca 2ϩ signaling was investigated in the boutons of these axons using confocal fluorescence imaging. ] changes during repetitive activity. Buffer saturation may also be relevant to the presynaptic induction of long-term potentiation at synapses formed by dentate granule cells.
Introduction
Calcium ions enter a nerve terminal during presynaptic action potentials and bind to Ca 2ϩ sensors to trigger neurotransmitter release. Cytoplasmic Ca 2ϩ buffers compete for this Ca 2ϩ to dampen the Ca 2ϩ rise; Ca 2ϩ sequestration and extrusion machinery restore Ca 2ϩ to resting levels. By shaping the Ca 2ϩ signal, the Ca 2ϩ -regulating systems of a nerve terminal play an important role in controlling synaptic function. Cytoplasmic Ca 2ϩ signaling can be investigated by imaging with fluorescent dyes. Most previous fluorometric studies of presynaptic Ca 2ϩ fall into two distinct groups. Large nerve terminals are loaded by direct injection of Ca 2ϩ -sensitive dye (Smith et al., 1988; Jackson et al., 1991; Helmchen et al., 1997) , affording a degree of control over the cytoplasm and membrane. This method cannot be applied to the far more abundant nerve terminals of smaller size. Alternatively, small nerve terminals can be loaded by extracellular application of membrane-permeable dyes (Regehr and Tank, 1991a; Melamed et al., 1993; Umbach et al., 1998) . This overcomes the size obstacle, but the dye concentration is difficult to control. A promising new approach to the study of Ca 2ϩ in nerve terminals is to fill the cell body with dye and allow it to diffuse into the axon (DiGregorio and Vergara, 1997; Cox et al., 2000; Koester and Sakmann, 2000; Emptage et al., 2001) . The dye concentration can thus be controlled even in small nerve terminals, provided that they are close enough to the cell body to fill during a recording. In addition, by filling a selected cell, the origin of the axon is unambiguous.
We have applied this new loading technique to the granule cells of the dentate gyrus. These cells give rise to the well known mossy fiber pathway of the hippocampus (Henze et al., 2000) . Mossy fiber synapses exhibit both short-and long-term plasticity. Long-term potentiation (LTP) at these synapses outlasts shortterm changes in presynaptic Ca 2ϩ (Regehr and Tank, 1991b) ; however, short-term changes in synaptic strength correlate well with Ca 2ϩ (Regehr et al., 1994) . Mossy fiber boutons vary in size over a wide range, and the largest of these were recently patchclamped (Geiger and Jonas, 2000) . Although mossy fiber terminals in the hippocampal CA3 region are ϳ1 mm from the cell body and too far to be filled conveniently by this route, granulecell axons branch extensively in the nearby hilus and display large numbers of boutons proximal to the cell body (Claiborne et al., 1986; Acsady et al., 1998) . Granule cells form synapses in the hilus, indicating that these boutons constitute functional synaptic endings (Scharfman et al., 1990; Scharfman, 1993) . Filling granule cells with Ca 2ϩ indicators allowed us to follow the time course of [Ca 2ϩ ] after action potentials and characterize the endogenous Ca 2ϩ buffers. A quantitative description of how Ca 2ϩ triggers neurotransmitter release depends on the knowledge of rapid spatially restricted transients in presynaptic Ca 2ϩ . Current Ca 2ϩ -imaging technology lacks the resolution to study these transients in small nerve terminals. Endogenous Ca 2ϩ buffers are poorly understood, but they are likely to play an important role in shaping the spatiotemporal pattern of presynaptic Ca 2ϩ (Yamada and Zucker, 1992; Roberts, 1994; Tank et al., 1995; Neher, 1998; Augustine, 2001 ; Burrone et al., 2002; Meinrenken et al., 2002) . We analyzed the Ca 2ϩ rises elicited by trains of action potentials and saw that the cytoplasmic buffering capacity declined as [Ca 2ϩ ] rose. Thus, the Ca 2ϩ buffers of granule-cell boutons saturate in a physiological range of intracellular [Ca 2ϩ ].
Materials and Methods
Slice preparation. Animals that were 3-4 weeks of age were rendered unconscious with halothane and decapitated. The brain was removed; chilled in ice-cold cutting solution consisting of (in mM): 124 NaCl, 3.2 KCl, 1.25 NaH 2 PO 4 , 26 NaCO 3 , 1 CaCl 2 , 6 MgCl 2 , 2 pyruvate, 3 ascorbate, and 10 glucose; and saturated with 95% O 2 /5% CO 2 . Slices 400 m thick were cut with a vibratome, maintained for 30 min at 34°C immediately after cutting, and subsequently maintained at room temperature (ϳ22°C) in artificial CSF (ACSF) for an additional 30 min before experiments. ACSF was identical to cutting solution but contained 2.5 mM CaCl 2 , lacked ascorbate and pyruvate, and contained 1.3 mM MgSO 4 in place of MgCl 2 . Electrophysiology. Recordings were made at 28 -30°C while perfusing slices with ACSF saturated with 95% O 2 /5% CO 2 . Granule cells were identified in the stratum granulosa using a Zeiss (Thornwood, NY) microscope with infrared-differential interference contrast optics. Cells visualized with the aid of Ca 2ϩ -sensitive fluorescent dye (details below) showed the characteristic granule-cell morphology, with dendrites extending into the molecular layer and an axon extending into the hilus (see Fig. 1 A) . Granule cells were patch-clamped with an Axopatch 200C amplifier (Axon Instruments, Foster City, CA) using borosilicate glass patch pipettes filled with (in mM): 135 K-methylsulfate, 10 HEPES, 10 Naphosphocreatine, 4 MgCl 2 , 4 Na-ATP, 0.4 Na-GTP, pH 7.3, and 12.5-100 M Oregon Green BAPTA-1 (OGB1) or 100 M Oregon Green BAPTA-6F (OGB6F) (Molecular Probes, Eugene, OR). Pipette resistance ranged from 3 to 8 M⍀ before recording. Recordings were made in current-clamp, and the resting potential was regularly checked. Action potentials were evoked either singly or in trains (1-2 sec, 20 Hz) using 1 msec current pulses.
Imaging and microscopy. Imaging was performed with a Zeiss LSM 510 laser-scanning confocal microscope. Light from an argon laser (488 nm) was used for illumination, and the FITC/GFP (green fluorescent protein) filter set prescribed for this microscope (dichroic, 488 nm; long-pass, 505 nm) selected fluorescent light and rejected laser lines. Before data acquisition, OGB1 was allowed to fill the axon for Ն15 and usually 30 min after break-in. When the time course of loading was followed, the dye fluorescence in proximal boutons reached a plateau within 15-30 min. Occasional checks of fluorescence intensity at ϳ5 min intervals confirmed the stability of dye concentration. The axon was visualized as in Figure 1 A and systematically traced from the cell body. Boutons such as those in Figure 1 B-D were located and lines for scanning were drawn through boutons that were perpendicular to the axon (see Fig. 1 D) . Excitation parameters were adjusted to minimize photo damage (laser intensity, Ͻ0.5% of 6 mW; scan duration, Ͻ1 msec; pixel size, 0.02-0.05 m). For single action potentials, line scans were taken every 5 msec, with an action potential evoked 0.1 sec after the start of a 0.5 sec sampling episode. For trains, line scans were performed at 10 msec intervals, with a 20 Hz, 1-2 sec train initiated 0.1 sec after the start of a 1-2 sec sampling episode. With these settings, photo damage, as evidenced by an increase in resting brightness and a decline in evoked responses, was generally not apparent until Ͼ10 -20 recordings were made from the same bouton. Only two recordings were needed to obtain useful information from a single bouton: a spike and a train. Trials were often repeated, but nearly all of the data presented here were obtained with less than five recordings per bouton.
Data analysis. Measurements of [Ca 2ϩ ] follow the method of Maravall et al. (2000) . Recordings were initially examined with the software that was provided with the microscope. The segment of each scanned line, which included the entire cross-sectional extent of a bouton (see Fig.  1 E1, E2) , was selected and averaged. Flanking segments well separated from the bouton on each side were used to estimate the background for each recording. Intracellular free [Ca 2ϩ ] was calculated from background-subtracted fluorescence ( f ) as follows:
The dissociation constant of OGB1 (K d ) was taken as 206 nM (Sabatini et al., 2002) . The fluorescence under conditions in which all OGB1 is bound to Ca 2ϩ ( f max ) was determined from a plateau in fluorescence during trains of action potentials (see Results). The fluorescence for free OGB1 ( f min ) was calculated from f max assuming that f max /f min ϭ 6 (Sabatini et al., 2002) . Although this ratio depends on poorly defined aspects of the cellular environment, estimates of [Ca 2ϩ ] are relatively insensitive to the exact value as long as f max /f min is a large value (Maravall et al., 2000) .
For plotting and analysis of the decay kinetics of [Ca 2ϩ ], fluorescence signals were transported to the computer program Origin (Microcal Software, Northampton, MA). [Ca 2ϩ ] was computed from Equation 1, and the decay was fitted to a single exponential. Filtering was generally performed before fitting, although in several checks, filtering had no significant effect on the value of the time constant.
Endogenous Ca 2ϩ buffers. Endogenous Ca 2ϩ buffers were analyzed by a number of methods, starting with those of Neher and Augustine (1992) , as adapted to a single-compartment model in which exchange of dye with the patch pipette or other regions of the cell is neglected (Helmchen et al., 1997; Sabatini et al., 2002) . Buffers slow the decay of a [Ca 2ϩ ] transient, and when the kinetic equations are linearized, the decay is exponential with a time constant:
0 corresponds to ␥/v from Neher and Augustine (1992) 
The total dye concentration, [D] 
An alternative method for determining E uses a plot of the reciprocal of a [Ca 2ϩ ] change versus E , and is based on the following equation (Neher and Augustine, 1992):
In the present study, 
Results
When granule cells were patch-clamped with pipettes containing OGB1, a loaded axon became visible within a few minutes. In ϳ50% of the recordings, the axon terminated at the surface of the slice Ͻ100 m from the cell body, indicating that the axon was cut during slice preparation. In ϳ25% of the recordings, a ϳ100 m segment of axon was visible. A few swellings were often found quite close to the cell body, and recordings from these swellings were included in this study. In the remaining ϳ25% of granule cells, a long axon was visible with many irregularly distributed swellings and occasional branches ( Fig. 1 A) . These fluorescence images resembled dentate granule-cell axons visualized by other histological techniques (Claiborne et al., 1986; Acsady et al., 1998) , and the majority of the data presented here were from axons such as these. Closer examination of axonal segments under higher magnification revealed structures with the appearance of en passant presynaptic boutons ( Fig. 1 B-D) , with diameters ranging from 0.5 to 3.5 m.
An action potential evoked by a current pulse produced fluorescence increases in dendritic shafts, spines, axons, and boutons. Attention here focused on boutons; no effort was made to compare boutons with other regions. rescence change resulting from an action potential evoked in the cell body can be seen in the vertical succession of lines ( Fig. 1 E1) . A small fluorescence increase across the bouton follows the action potential nearly synchronously (indicated by the arrow). Averaging the fluorescence in the segment of the line spanning the bouton shows this fluorescence change more clearly (Fig. 1 F1) . When a current step applied to the cell body was subthreshold for action potential generation, no fluorescence change was detected in axonal swellings, indicating that passive spread of brief depolarizations cannot elicit detectable Ca 2ϩ influx at these remote sites.
The following observations were not studied in depth but are noted here because they confirm previous studies of axons in other types of neurons. First, although most of the data collection was at 5 msec sampling intervals, a few recordings at 1-2 msec intervals indicated that the Ca 2ϩ rise was complete within 1-2 msec. This is as rapid as that observed previously in boutons of cortical pyramidal cells (Cox et al., 2000; Koester and Sakmann, 2000) . Second, in recordings at distal sites beyond initial boutons and branch points, fluorescence signals followed somatic action potentials with high fidelity. In no instance was a failure evident, either in a single action potential or the first few action potentials of 20 Hz trains. Thus, action potentials reliably invade the extensive arbors of granule-cell axons, as they do in pyramidal cell axons (Cox et al., 2000; Koester and Sakmann, 2000; Emptage et al., 2001) Determination of f max Conversion of fluorescence to [Ca 2ϩ ] with Equation 1 requires an estimate of f max , the fluorescence when all of the OGB1 is Ca 2ϩ bound. To saturate the dye, we used 20 Hz trains of action potentials. Figure 1 E2 shows a series of lines at 10 msec intervals with a train initiated after 100 msec. The fluorescence increase (Fig.  1 F2) exceeded that elicited by a single action potential (Fig. 1 F1) , by a factor of Ͼ20 in this case. The increments induced by individual action potentials were resolved early in the train. In this experiment, performed with 50 M OGB1, fluorescence reached a plateau in slightly Ͻ1 sec after the start of the train and started to decay only when the train had terminated. When a lower concentration (25 M) of OGB1 was used, the plateau was reached in ϳ0.5 sec (Fig. 2 A) . When a higher concentration (100 M) was used, the time to reach a plateau was longer (Fig. 2 B) . These results indicate that the plateau in fluorescence with lower OGB1 concentrations is reached while [Ca 2ϩ ] continues to rise. This supports the interpretation of the plateau as a saturation of the dye.
A similar argument can be made using a lower affinity dye. When a train was applied to a bouton filled with 100 M OGB6F (K d , ϳ3 M), fluorescence continued to rise for Ͼ1 sec (Fig. 2C) . This means that the saturation of fluorescence seen with OGB1 occurs as [Ca 2ϩ ] continues to rise. Thus, the plateau in fluorescence reflects saturation of the dye rather than stabilization of [Ca 2ϩ ] that might result from abatement of Ca 2ϩ entry or compensation of Ca 2ϩ entry by removal or sequestration. This supports the use of trains of action potentials to estimate f max . This is confirmed by the results below on resting free [Ca 2ϩ ], and by the observation that once the plateau is reached, deflections in fluorescence synchronous with action potentials cannot be detected, even in averages of many trains (see Fig. 5A ). (Fig. 1 F1) and train-induced fluorescence changes (Fig. 1 F2) were recorded from individual boutons. f max was determined for each bouton and used to convert fluorescence to free [Ca 2ϩ ] by Equation 1. Fluorescence and [Ca 2ϩ ] versus time is shown in Figure 3 , A and C, for a bouton filled with 25 M OGB1, and in Figure 3 , B and D, for a bouton filled with 50 M OGB1. The decays in [Ca 2ϩ ] were well fitted by a single exponential function for both concentrations of OGB1 (Fig. 3C,D) . These results illustrate two important effects of dye on the shape of the Ca 2ϩ signal. Increasing the dye concentration reduces the amplitude of the Ca 2ϩ rise and slows the recovery. These features are well known consequences of increased Ca 2ϩ buffering (Neher, 1995) and will be exploited in an analysis of endogenous Ca 2ϩ buffers below. We made a larger number of measurements using 25 M OGB1, because this concentration presented the best tradeoff between obtaining strong fluorescence signals and reducing dyeinduced perturbations of [Ca 2ϩ ]. With 54 such measurements, we could see that the time constant for decay (Fig. 3E) as well as the reciprocal of the action potential-induced change in free [Ca 2ϩ ] (Fig. 3F ) varied with bouton size. Both plots showed highly significant correlations, with p Ͻ 0.001 from a linear leastsquares fit. Thus, [Ca 2ϩ ] rises are smaller and decays are slower in larger boutons. A similar correlation was obtained in dendritic spines for the amplitude of the change in free [Ca 2ϩ ] and interpreted in terms of a fixed density of Ca 2ϩ channels (Holthoff et al., 2002) . Likewise, the correlation between the decay time constant and bouton size in Figure 3E could reflect a constant pump density.
A membrane Ca 2ϩ -channel density that is independent of bouton size predicts a linear relationship between the quantities plotted in Figure 3F ; the slope can be used to estimate this density. The change in number of moles of Ca 2ϩ (total) within a bouton, ⌬m Ca , is equal to the number of moles of Ca 2ϩ that enters a bouton per Ca 2ϩ channel, , times the number of Ca 2ϩ channels, N, as follows:
If the density of Ca 2ϩ channels is denoted as Ca and a spherical geometry is assumed, we can obtain the following: (Fig. 3C,D) versus D (Eq. 3) (Fig. 4 A) rise was plotted versus D , and a linear fit based on Equation 5 yielded a similar value for a E of 25 (Fig. 4 B) . The prediction of a model involving buffer saturation to be discussed below is also shown (Figure 4 B, Figure 4 are in reasonable agreement with one another. This comparison indicates that the decay time constants are reasonably well approximated by Equation 2 and are therefore not distorted by factors such as diffusion of Ca 2ϩ to neighboring regions. We next analyzed the data in Figure 4C using (Fig. 4C , dotted curve) are again in good agreement with this experiment. The error for the fit was reduced 40% compared with that achieved in Equation 6, but this model has one more free parameter. Both models give fits that fall close to the data points, so we conclude that the data presented in Figure  4C are consistent with either nonsaturating or saturating endogenous buffers.
Both saturating and nonsaturating models also fitted the plot of 1/⌬ [Ca 2ϩ ] versus D in Figure 4 B, in which the prediction of a saturable buffer based on Equation 7 is drawn as a dotted curve. This plot indicates that a saturable endogenous Ca 2ϩ buffer predicts nearly linear behavior over a wide range of D values. It is thus once again difficult to distinguish models with saturating and nonsaturating buffers. Furthermore, the values of E calculated from Equation 5 with endogenous buffer properties that generated the dotted curve in Figure 4 B range from 136 to 37 for [Ca 2ϩ ] rises ranging from 0.1 to 1 M. A saturable buffer with a much higher effective E value can replicate the behavior of a nonsaturable buffer with a lower E value. Thus, E values derived from an analysis based on Equation 5 will be incorrect if a cell contains a buffer that saturates in the range of [Ca 2ϩ ] under study (see Discussion).
The y-intercept in Figure 4 A gives a dye-independent value for the time constant of Ca 2ϩ removal 0 (1 ϩ E ) ϭ 43 Ϯ 6 msec (from Eq. 2). 0 is then computed as 2.4 msec, using the E value obtained from the same plot. The magnitude of the rise in free [Ca 2ϩ ], induced by an action potential for zero added dye, was computed with Equations 6 and 7 (using the parameters obtained from the fits) as 0.91 and 1.16 M, respectively.
Summation of [Ca
2؉ ] rises and endogenous buffer saturation During trains of action potentials we could resolve a series of steps in fluorescence associated with sequential action potentialinduced [Ca 2ϩ ] rises (Figs. 1 F2, 2A-C) . The later steps in the train start from higher levels of [Ca 2ϩ ], in which there should be fewer Ca 2ϩ -binding sites available within a bouton, because a greater fraction of those Ca 2ϩ -binding sites should be occupied. These data thus contain information about Ca 2ϩ buffer saturation. To analyze these trains quantitatively, the fluorescence signals from many nerve terminals were normalized to their maxima and averaged together. Figure 5A shows this average for all 15 bouton recordings made with 50 M OGB1 (from four cells). This figure shows that the second action potential in the train elevated [Ca 2ϩ ] from 124 to 290 nM. We could thus estimate the action potential-induced change in free [Ca 2ϩ ] for a series of steps until f/f max exceeded ϳ0.85 and free [Ca 2ϩ ] exceeded ϳ1 M. Higher concentrations were subject to large errors because of the small value of the denominator in Equation 1. The increases in free [Ca 2ϩ ] are plotted in Figure 5B for 25, 50, and 100 M OGB1. It can be seen that later action potentials always induce greater increases in free [Ca 2ϩ ]. This is illustrated more clearly in Figure 5C, Figure 4C yielded values for ⌬[Ca 2ϩ ] t of 19 and 29 M, but the value of 19 M was based on a model that assumes no saturation of the endogenous buffer (Eq. 6) and is therefore less reliable (see Discussion). Thus, we favor the value of 29 M. This choice was confirmed by analysis of additional data from measurements with much higher dye concentration, in which the influence of endogenous buffers should be very small. We performed a limited set of measurements with 250 M OGB1, from which we estimated [Ca 2ϩ ] 0 ϭ 91 Ϯ 15 nM and a peak action potentialinduced free [Ca 2ϩ ] change of 72 Ϯ 15 nM (n ϭ 5). From these values, Equation 6 and 7, without the endogenous buffer term, gave ⌬[Ca 2ϩ ] t ϭ 34 M. We therefore selected ⌬[Ca 2ϩ ] t ϭ 30 M for most of our analyses but conducted checks with other values as well. Figure 5D . If the endogenous buffers failed to saturate in the range of [Ca 2ϩ ] spanned in these experiments, the plot would be a horizontal line with no correlation between E and [Ca 2ϩ ]. Figure 5D reveals a strong inverse correlation between E and [Ca 2ϩ ], with p Ͻ 0.005. The decrease in E with increasing [Ca 2ϩ ] suggests that the endogenous buffers are saturated by rising [Ca 2ϩ ]. To estimate the concentration and dissociation constant of the saturable Ca 2ϩ buffer implicated in Figure 5D , these data were analyzed in two ways. First, the points plotted in Figure 5D were fitted to the equation: ] 2 ). The best fit is drawn in Figure 5D (Neher, 1995) 
Discussion
This study investigated Ca 2ϩ signaling in boutons on axons arising from dentate gyrus granule cells. Axons were filled with fluorescent dye through the cell body by a patch electrode. This made it possible to measure a number of important quantities associated with Ca 2ϩ signaling in single boutons while controlling dye concentration. This work extends previous methodology (DiGregorio and Vergara, 1997; Cox et al., 2000; Koester and Sakmann, 2000; Emptage et al., 2001 ) and demonstrates that loading of axons through the cell body can serve as a powerful general approach for studying Ca 2ϩ signaling in nerve terminals.
In principle, any neuron that forms synapses within a few hundred micrometers of the cell body should be amenable to this method.
Resting free Ca 2ϩ ([Ca 2ϩ ] 0 ) was 74 nM and independent of dye concentration (Fig. 2 D) . The added buffering of the dye altered the speed and magnitude of responses but left [Ca 2ϩ ] 0 unchanged. This supports the idea that resting Ca 2ϩ reflects the set point of a regulatory system that operates through a homeostatic response to free Ca 2ϩ . The bouton size independence of [Ca 2ϩ ] 0 suggests that the Ca 2ϩ regulation machinery (pumps and channels) is distributed uniformly.
Extrapolations to zero dye indicated that [Ca 2ϩ ] rises to ϳ1 M after an action potential (Fig. 4C ) and then decays with a time constant of 43 msec. In guinea pig mossy fibers loaded with fura-2 AM, the action potential-induced [Ca 2ϩ ] rise was 10 -50 nM and the decay time constant was ϳ1 sec (Regehr et al., 1994) . Although factors such as species, animal age, temperature, and methodology could contribute to the differences between these values and ours, we note that if the buffering strength of the fura-2 in the previous experiments exceeded the endogenous buffering strength by 25-fold, our estimates of both the [Ca 2ϩ ] change and the time constant for decay would be in qualitative agreement.
Ca
2؉ -channel density The reciprocal of the action potential-induced [Ca 2ϩ ] rise was correlated with the bouton diameter (Fig. 3F ) . The slope of this plot yielded an estimate for the Ca 2ϩ -channel density of 45/m 2 , a value somewhat larger than that obtained for pyramidal-cell boutons (Koester and Sakmann, 2000 Recordings from mossy fiber boutons in the hippocampus indicate that changes in ⌬[Ca 2ϩ ] t are in the positive direction and too small to produce significant errors in our analysis (Geiger and Jonas, 2000) . Action potentials broaden during trains and Ca 2ϩ -entry increases, but these effects are quite small for the first several spikes. In 20 Hz trains, action potentials should broaden by ϳ0.7% per action potential [based on the stated value of 1.3% at 50 Hz and visual examination of Fig. 3 Figure 5D most vulnerable to changes in ⌬[Ca 2ϩ ] t were from the fifth and sixth action potentials of trains with 100 M OGB1. Excluding these two points had essentially no effect ( p ϭ 0.019).
The assumption of constant ⌬[Ca 2ϩ ] t can be evaluated more directly with our data. With 100 M OGB1, ⌬ [Ca 2ϩ ] is the same for the first two spikes (Fig. 5C) 
Endogenous Ca
2؉ buffer properties Analysis with the aid of models that neglect endogenous Ca 2ϩ buffer saturation showed E ϳ20 (Fig. 4) . Only the recent estimate of E in dendritic spines is this low (Sabatini et al., 2002) . Values in other nerve terminals (Stuenkel, 1994; Tank et al., 1995; Koester and Sakmann, 2000) as well as cell bodies (Neher, 1995) are often Ͼ100. The lowest value obtained previously in a nerve terminal was 40 in the calyx of Held (Helmchen et al., 1997) , and it is interesting to note that both these calyces and mossy fiber boutons are relatively large. However, the present analysis suggests that calculating E using a nonsaturable buffer model may lead to a value that is erroneously small. A saturable buffer can give rise to a nearly linear plot of 1/⌬ [Ca 2ϩ ] versus D (Fig. 4 B (Fig. 5D ). The reduction of buffering strength with increasing [Ca 2ϩ ] indicates that the endogenous Ca 2ϩ -binding molecules have a K b of ϳ500 nM and a concentration of ϳ130 M. Cytoplasmic molecules that bind Ca 2ϩ include both small molecules such as ATP (Baylor and Hollingworth, 1998) and proteins such as parvalbumin, calretinin, and calbindin-D28K . The K b for ATP is ϳ200 M, so ATP cannot contribute to the saturable Ca 2ϩ buffering seen here. Among the Ca 2ϩ -binding proteins, calbindin-D28K immunoreactivity is seen in dentate granule cells, is abundant by the age of the animals used here (3-4 weeks of age), and is distributed through the entire cell, including the mossy fibers (Baimbridge, 1992) . Calbindin-D28K binds four Ca 2ϩ ions (Veenstra et al., 1997) with dissociation constants ranging from 286 to 1790 nM (average, 400 nM) in 150 mM KCl and 2 mM MgCl 2 (Berggard et al., 2002) . Our estimate of K b ϭ 500 nM is consistent with these measurements. Granule-cell axons most likely contain a spectrum of Ca 2ϩ -binding molecules, but the anatomical distribution together with the binding properties make calbindin-D28K an excellent candidate for the saturable Ca 2ϩ binding revealed by our experiments.
Implications for Ca 2؉ -triggered release An analysis of Ca 2ϩ diffusion in the presence of mobile buffer yielded the following expression for free [Ca 2ϩ ] as a function of radial distance (r) from a Ca 2ϩ channel for a steady state that forms in a few microseconds of channel opening (Neher, 1998) (Nägerl et al., 2000) , we obtain ϭ 160 nm. With our estimate of the Ca 2ϩ channel density of 45 m 2 , the mean distance between channels is ϳ150 nm. Because this is comparable with , Ca 2ϩ -channel microdomains would overlap and allow Ca 2ϩ from different channels to summate at release sites, even without channel clustering. A release site in the center of a square of four Ca 2ϩ channels would be ϳ100 nm from each channel. Summation of [Ca 2ϩ ] from Equation 12 for these four channels gave 15 M. This represents an estimate for the minimum [Ca 2ϩ ] at a release site. However, a release site that is close to a Ca 2ϩ channel, say 10 nm away, would see [Ca 2ϩ ] ϭ 70 M; this value is insensitive to the buffer. Because single action potentials in granule cells evoke large synaptic responses (Henze et al., 2000) , these estimates provide a range for [Ca 2ϩ ] that triggers release from these boutons.
Implications for synaptic plasticity
Theoretical studies of Ca 2ϩ dynamics have indicated that buffer saturation can play a role in synaptic facilitation (Neher, 1998) . The introduction of exogenous buffers presynaptically results in facilitation of neocortical synapses, with synapse-specific differences that most likely reflect variations in the distance between Ca 2ϩ channels and release sites (Rosov et al., 2001) . For the maximum distance of 100 nm estimated above, Equation 12 suggests that buffer saturation could amplify [Ca 2ϩ ] rises by up to twofold. This would enhance synaptic transmission during repetitive activity and provide a basis for the correlation between free [Ca 2ϩ ] and short-term facilitation (Regehr et al., 1994) . Different laboratories have reported long-term potentiation of mossy fiber synapses that is triggered presynaptically (Ito and Sugiyama, 1991; Castillo et al., 1994; Mellor and Nicoll, 2001) and postsynaptically (Yeckel et al., 1999) . The question of whether granule-cell synapses on hilar neurons also exhibit synaptic plasticity has yet to be studied. The amplification of Ca 2ϩ signals by saturation of endogenous Ca 2ϩ buffers would increase the effectiveness with which repetitive activity initiates Ca 2ϩ -dependent signaling cascades and thus contribute to the presynaptic induction of LTP.
